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Abstract In this article, we review some key aspects of a multi-wavelength 
flare which have essentially contributed to form a standard flare model based 
on the magnetic reconnection. The emphasis is given on the recent observa- 
tions taken by the Reuven Ramaty High Energy Solar Spectroscopic Imager 
(RHESSI) on the X-ray emission originating from different regions of the coro- 
nal loops. We also briefly summarize those observations which do not seem 
to accommodate within the canonical flare picture and discuss the challenges 
for future investigation^. 



1 Introduction 

Solar flares are the most striking explosive form of solar activity. A flare 
is characterized by a sudden catastrophic release of energy in the solar at- 
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Fig. 1 Time evolution of a large eruptive flare of 2B/X2.7 class that occurred in 
active region NOAA 10488 on November 3, 2003 at a location N10W83, i.e., close 
to the west limb of the Sun. The Ha filtergrams, observed from ARIES Solar Tower 
Telescope, are overlayed by RHESSI X-ray images at 10-15 keV (white contours) and 
50-100 keV (black contours; only in the third panel). Figure adopted from | 24 |. 



mospherc. In tens of minutes energy in excess of 10 32 erg is released. Mostly 
flares occur in solar active regions; being more frequent at the locations where 
the active region is rapidly evolving |17| . The frequency and intensity of solar 
flare occurrence follow the 11-year sunspot cycle [251 [25] . 

Flares manifest their signatures in a wide range of electromagnetic spec- 
trum, from radio to 7-rays, and involve substantial mass motions and particle 
acceleration. Emission in these wavelengths originates from the atmospheric 
layers of the Sun extending from the chromosphere to the corona. In gen- 
eral, flares are not visible in the photosphere except in some exceptionally 
high energy and impulsive events known as white light flares. Now it is well 
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known that the energy released during flares is stored in the corona prior to 
the event in the form of stressed or non-potential magnetic fields. Magnetic 
reconnection has been recognized as the fundamental process responsible for 
the changes in the topology of magnetic fields, as well as the rapid conver- 
sion of stored magnetic energy into heat and kinetic energy of plasma and 
particles during a flare. 

In section [21 we provide an observational overview of solar flares and dis- 
cuss some key aspects of flare development which form the basis for the stan- 
dard flare model. With high resolution observations at temporal and spectral 
domains, now we have a clearer view on these multi- wavelength flare compo- 
nents. Recent observations, mainly inspired by Reuven Ramaty High Energy 
Solar Spectroscopic Imager (RHESSI) (38], have further revealed many new 
multi-wavelength aspects of flare emission which have changed our "stan- 
dard" understanding on flares. These new results are summarized in section 

El 



2 Overview of multi-wavelength phenomena 
2.1 Confined and eruptive flares 

The very early observations of solar flares in soft X-ray (SXR) wavelengths 
from the Skylab mission in 1973-1974 established two morphologically distinct 
classes of flares: confined and eruptive events [S3]. The confined flares show 
brightening in compact loop structures with little large-scale motion. They 
are generally modeled in terms of energy release within a single static mag- 
netic loop and are thus referred to as single-loop, compact or point flares. 
The second category comprises the long duration events (LDE) which are 
eruptive in nature. They are accompanied by an arcade of loops and show 
more strong association with coronal mass ejections (CMEs). It is worth to 
mention that the temporal evolution of CME and flare signatures in eruptive 
events suggests that both phenomena have a strongly coupled relationship 
but not a cause-effect one [82] ■ The Ha observations reveal that eruptive 
events are almost always associated with chromospheric brightenings in the 
form of long, bright parallel ribbons. Therefore, LDE flares are also referred 
to as two-ribbon flares. This two-element classification of solar flares is also 
broadly reflected in the X-ray observations of stellar flares [Ml [55] ■ 
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2.2 Time evolution of an eruptive flare 

A solar flare is a multi-wavelength phenomenon. Therefore in order to have a 
complete understanding of its temporal evolution we need to look at the time 
profiles observed at different wavelengths. However, it has been observed that 
there could be subtle activities at the flare location before its onset. In the 
following, we discuss different aspects of flare evolution. 

2.2.1 Pre-flare activity and precursor phase 

The pre-flare activity refers to the very earliest stage of flare which is elusive 
to recognize even in SXRs |28| . The activities in this initiation phase can 
be seen at longer wavelength such as Ha, ultraviolet (UV), and extreme 
ultraviolet (EUV). The observations of subtle changes in the configuration 
of EUV loops and localized brightenings at this early phase can provide 
important clues about the triggering mechanism of the eruption [9j [28) . It 
has been suggested that the pre-flare brightening may occur as a result of 
slow magnetic reconnection and provide a trigger for the subsequent large- 
scale eruption [49] [9] . 

Many flares show slow and gradual enhancement in SXRs before the on- 
set of the impulsive energy release, referred to as the X-ray precursor phase 
[70] . This early phase mainly corresponds to small-scale brightening in UV to 
SXR wavelengths [9, 29, 28 . The precursor flare brightening mostly occurs in 
the neighborhood of the main flare location [12]. However, usually precursor 
and main flare locations do not exactly coincide [T3] [80] . Some studies recog- 
nize the precursor phase brightenings as the evidence for distinct, localized 
instances of energy release which play a significant role in destabilizing the 
magnetic configuration of active region leading to eruption and large-scale 
magnetic reorganization [9] [28] . 

2.2.2 Impulsive phase 

The primary energy release takes place during the impulsive phase which 
lasts from tens of seconds to tens of minutes. This phase is marked by emis- 
sion in hard X-rays (HXR), non-thermal microwaves and in some cases also 
7-rays and white-light continuum, showing evidence of strong acceleration of 
both electrons and ions. These radiations are further supplemented by strong 
enhancement of emissions in chromospheric lines (e.g., Ha), ultraviolet and 
extreme ultraviolet. The impulsive phase is mainly characterized by the flare 
signatures at chromospheric layers where the feet of magnetic loops are rooted 
at both sides of the polarity inversion line. Morphologically, flare brighten- 
ings at this region are termed as "footpoints" or "ribbons" detected in HXRs 
and Ha observations, respectively. With the upward expansion of the arcade 
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of loops, the two parallel flare ribbons (or HXR footpoints) separate from 
each other during the impulsive phase and later. The HXR emission from the 
footpoints of flaring loops is traditionally viewed in terms of the thick-target 
brcmsstrahlung process in which the X-ray production at the footpoints of 
the loop system takes place when high-energy electrons, accelerated in the 
coronal reconnection region, come along the guiding magnetic field lines and 
penetrate the denser transition region and chromospheric layers [6] 169j . Dur- 
ing very high energetic events, the photospheric Doppler enhancements have 
been reported which are co-spatial with Ha flare ribbons [35] HI] • 

In the impulsive phase, the time evolution of the spectral index of the 
non-thermal part of the photon spectrum and non-thermal flux show an in- 
teresting pattern known as soft-hard- soft spectral evolution. The HXR spectra 
of flares often initially show a steep spectral slope (soft), which flattens at 
the peak of the flare (hard), and then becomes steeper again (soft) in the 
decay phase of the flare With RHESSI data, the soft-hard-soft spectral 
evolution has been determined with much better accuracy. RHESSI observa- 
tions clearly recognize that the spectral soft-hard- soft behavior in rise-pcak- 
decay phase is followed not only in overall flare development, but even more 
pronounced in sub-peaks |16j . This anti-correlation between spectral index 
and flux is generally interpreted as a signature of the acceleration process 
with each non-thermal peak representing a distinct acceleration event of the 
electrons in the flare [TH [28]. Although the soft-hard-soft spectral evolu- 
tion is very common, it does not apply to all flares. Some flares also exhibit 
soft-hard-harder patterns in which the spectrum continues to become harder 
throughout the flare evolution [101 130] . This pattern is more commonly seen 
in microwave spectra than in HXR observations |61j . This is mainly reported 
in gradual HXR events, in particular those which are associated with solar 
proton events [TO] [301 ES] • The soft-hard-harder pattern is attributed to ex- 
tended phases of acceleration in large flares. Some events of this class also 
exhibit the long-lived high energy coronal sources [3"3"] . 

2.2.3 Gradual phase 

The gradual phase of a solar flare is best described by SXR time profile. 
During the impulsive onset of HXR emission (see section 12.2.21) , the SXR 
gradually builds up in strength and peaks a few minutes after the impulsive 
emission. This implies that the long-lived and gradual SXR emission is a 
delayed effect of the impulsive onset of HXR radiation. This phase is charac- 
terized by the formation of loops (and arcade of loops in large flares) which 
emit in SXRs and EUV, indicating the presence of hot plasma (^10-20 MK) 
inside them. The process of filling of hot plasma in coronal loops is termed as 
chromospheric evaporation [5TT T39 . 48, 47] [78j [52] . The chromospheric plasma 
is rapidly heated and compelled to spread out in the coronal loops primarily 
by the energy deposition of energetic electrons accelerated at the magnetic 
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reconnection site in the corona 39 , 78 . Thermal conduction from the corona 
may also play a role in heating the chromospheric plasma [TJ [5T] [3] . The flare 
loop system exhibits a gradient in temperature with outermost loops being 
the hottest QJ]. 

The Yohkoh/ SXT observations detected cusp-shaped structure above the 
hottest outer loops in many LDE flares [72] EU Q3] ■ The soft X-ray arcades 
along with the cusp resemble the general geometry of large-scale magnetic 
reconnection [71]. In the later stages, as the loops begin to cool, the arcade 
becomes visible in lower temperature emissions such as EUV and Ha [50] Q3J 
l73l [79] . Both conduction and radiation may contribute to the cooling process 
which essentially depends on flare loop length and plasma parameters [11] [2] . 
Another important observational feature of gradual phase is the continual 
downflow of lower temperature plasma observed in Ha visible along the leg 
of arcade. This Ha downflow (also termed as 'coronal rain') is the result of 
draining of cool plasma due to gravity [5] . 



2.3 "Sigmoid-to-arcade" development 

Sigmoids are S-shaped (or inverse S-shaped) coronal features, mainly identi- 
fied in SXR images, in the form of a region of enhanced emission [58] 145] IT]. 
In a few studies, sigmoid structures have been reported in EUV [41] [42] and 
in one of the events even in HXRs [23]. They are often composed of two 
opposite J-likc bundles of loops which collectively form an S-shape feature 
[7]. Sigmoid regions are considerably more likely to be eruptive than non- 
sigmoidal sites [T9J [15]. With the onset of an eruptive flare, the region is 
enveloped by arcades or cusped loops (see section 12. 2.3[) . Thus the "sigmoid 
to arcade" development is suggestive of large-scale magnetic reconnection 
driven by the eruption [M] [SUJ ■ 



2-4 Standard flare model 

The standard flare model, also known as CSHKP model, recognizes that the 
evolution of flare loops and ribbon can be understood as a consequence of 
the relaxation of magnetic field lines stretched by the ejection of plasma [5] 
[S51 [T51 [31] . The magnetic reconnection has been identified as the key process 
which releases sufficient magnetic energy on short time scales to account for 
the radiative and kinetic energies observed during an eruptive event [56] . In 
this picture, the rise of the loop system as well as the footpoint (or ribbon) 
separation reflect the upward movement of the magnetic reconnection site 
during which field lines, rooted successively apart from the magnetic inversion 
line, reconnect. This picture successfully explains the apparent motions of 



A multi-wavelength perspective of solar eruptive flares 



7 



flare loops and ribbons along with the multi-wavelength view of the loop 
system with the hottest one located at the outermost region. 

The discovery of the HXR source located above the soft X-ray flare loops 
(known as "above-the-looptop" source) by Yohkoh was an important land- 
mark in the history of solar flare observations [46]. This new kind of HXR 
emission raised great interest as it is believed to occur closest to the particle 
acceleration region associated with the magnetic rcconncction site. Essen- 
tially the Yohkoh discoveries of the HXR above-the-looptop source along with 
the SXR cusp (see section l2\2.3p confirmed the role of magnetic reconnection 
in the standard flare model. Here it is worth mentioning that the above-the- 
looptop source is still a rarely observed feature [20]. However, due to high 
sensitivity and broad energy coverage of RHESSI, the HXR emission from 
the looptop has now become a well known phenomenon and coronal HXR 
sources are detected in all phases of solar flares [3H [32]. In a few events, 
coronal HXR sources are even observed before flare impulsive phase [40 [ 177] . 
RHESSI observations have also identified a new class of coronal sources that 
show strong looptop HXR emission without significant footpoint emissions 
[23 [76] [28]. 



3 Beyond the "standard" observations 
3.1 Contraction of coronal loops 

RHESSI observations have discovered that during the early impulsive phase 
of the flare, coronal loop system undergoes an altitude decrease or contraction 
before showing the "standard" behavior of apparent outward expansion. This 
phenomenon of loop contraction or shrinkage, first reported in an Ml. 2 class 
flare on April 15, 2002 [66] . has now been confirmed in several events of 
different classes [67J [TTJ [24] [57]. Motivated by these RHESSI findings, the 
loop contraction was examined in other wavelength images and similar kind 
of descending loop motion was detected in EUV [37] [27] 03] and microwave 
images [36]. The study of an M7.6 class flare on October 24, 2003 is perhaps 
the best example of the loop contraction which was observed for ~11 minutes 
and identified in HXRs (up to ^25-50 keV) and EUV images [57] ■ Some 
observations also apparently imply that the contraction motion of flaring 
loops may be the result of the relaxation of the sheared magnetic field [21] . 
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Fig. 2 Large scale contraction of coronal loops observed for ~11 minutes in an M7.6 
flare that occurred in active region NOAA 10486 on October 24, 2003 at a location 
S19E72 [27]. The contraction of coronal loops can be readily seen in TRACE EUV 
images at 195 A (top panels) and RHESS1 X-ray images at 10-15 keV (bottom panels). 

3.2 Converging motion of footpoints 

In some events, the converging motion of footpoint sources (i.e., decrease in 
footpoint separation) has been observed at the early stage which temporally 
matches with the phase of contraction of coronal loops HU [57J [35]. A 
detailed analysis of footpoint motions was carried out for X10 class flare on 
October 29, 2003 [44]. In this study it was found that the two conjugate 
footpoints first move toward and then away from each other, mainly par- 
allel and perpendicular to the magnetic inversion line, respectively. Further 
the transition of these two phases of footpoint motions coincides with the 
direction reversal of the motion of the looptop source. An interpretation of 
this new kind of motions of looptop and footpoint sources is proposed in 
terms of rainbow reconnection model |62| which essentially builds on the idea 
of three-dimensional magnetic reconnection at a magnetic separator in the 
corona during the phase of shear relaxation of coronal loops [57] . 
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The RHESSI observations of three homologous flares that occurred between 
April 14-16, 2002 revealed the appearance of a coronal X-ray source besides 
the X-ray looptop emission [661167] which was formed at higher altitudes. Out 
of these, one event clearly shows a cusp-shaped flare loop in the rise phase 
[SIJ [SB]- When the impulsive rise in HXRs (>25 keV) began, the cusp part 
of the coronal source separated from the underlying flare loop, forming two 
HXR emitting sources. The two sources exhibit energy dependent structures 
with the emissions at higher energies coming from the inner regions between 
them. These observations have been interpreted as evidence for the formation 
of a current sheet between top of the flare loops and the second coronal source 
located above the flare loop top [66] [68] . The imaging spectroscopy of the two 
coronal sources was conducted for an M-class flare occurred on April 30, 2002 
[44] . In this event, the HXR footpoints were occulted by the limb thus making 
conditions favorable for the imaging of relatively faint coronal sources. The 
parameters derived from X-ray spectroscopy of the two sources reveal that 
the magnetic reconnection site lies between the top of the flare loops and 
the second coronal source. The formation of double coronal sources, one at 
each side of the reconnection site, has been viewed in the framework of the 
stochastic acceleration model [44) . 



4 Summary 

The multi-wavelength observations have immensely improved our under- 
standing of various physical processes occurring in different atmospheric lay- 
ers of the Sun during a solar flare. The standard flare model has been suc- 
cessful in broadly recognizing these physical processes as the consequence of 
large-scale magnetic reconnection in the corona. However, the advancement 
in the observational capabilities has also led to several new aspects of the 
flare evolution that deviate from the standard flare model. Although flares 
have been observed over the past 150 years, but still our understanding about 
them is incomplete. We have yet to understand several basic elements pertain- 
ing to pre-flare magnetic configuration, triggering mechanism, energy release 
site (e.g., current sheet dimensions), conversion of magnetic energy into heat 
and kinetic energy, particle acceleration, etc. These outstanding issues pose 
challenges for future investigations. 
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